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Abstract 
The problems of particle velocity and temperature measurement can be solved with commonly-known methods of registration 
based on spectrometry and a complex of laser and optical means. The diagnostic technique combines two independent methods 
of particle velocity measurement, namely the passive way which is based on the intrinsic radiation of the heated particles in a gas 
flow, and the active one which utilizes the effect of the laser beam scattering. It is demonstrated that the laser radiation can affect 
significantly the particles velocity at the laser cladding. Presented bar charts of statistical distributions of the particles velocities 
illustrate two modes of the coaxial nozzle performance, with and without ɋɈ2-laser radiation. Different types of powders (Al2O3, 
Mo, Ni, Al) were used in tests, the particle size distributions were typical for the laser cladding; air, nitrogen, argon were used as 
working gases, continuous radiation of the ɋɈ2 laser reached 3 kW. It is shown that in the laser-radiation field, the powder 
particles undergo extra acceleration due to the laser evaporation and reactive force occurrence resulting from the recoil pressure 
vapors from the beamed part of particles’ surfaces. The observed effect of particles acceleration depends on the particles 
concentration in the powder flow. Due to the laser acceleration, the velocities of individual particles may reach the values of 
about 80 – 100 m/s. The trichromatic pyrometry method was utilized to measure the particles temperature in the powder flow. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The method of coaxial laser cladding presents the laser direct material deposition which permits making coatings 
and manufacturing parts with predicted properties by means of a build-up process from a specially prepared powder 
[1]. The powder is transported onto a substrate by a carrier-gas flow through a coaxial conic nozzle, with a laser 
beam passing through its axis. The gas flow parameters must be optimized in order to provide particles heating-up in 
the beam light field and to focus the particles flow into a laser spot on the substrate. The typical particle size ranges 
from 10 to 180 Pm, radiation power is up to 3 kW, laser spot diameter is 0.2 – 4.0 mm. 
The delivery of the filler material is a key factor governing the laser cladding process; refinement of this process 
is extremely important for the production of a qualitative coating. In this context, diagnostics and visualization of 
the occurring processes are topical. The diagnostics of the particles parameters in the light field of the laser radiation 
is of special interest. 
This paper presents the technique of particles velocity and temperature registration under the radiation influence 
during the coaxial laser cladding. 
Available noncontact optical methods of measurement of individual particles parameters, such as velocity, 
temperature, size in high-temperature flows, can be divided to two groups: local time-of-flight techniques based on 
the intrinsic thermal emission of particles, for example [2]; and the ones using an external source of optical 
radiation, which combine in one measuring volume the methods of laser-Doppler anemometry (LDA) involving the 
time-of-flight laser two-focal anemometer (L2F-anemonmeter), or the laser phase-Doppler anemometry (LFDA) and 
pyrometry, such as in [3]. 
The advantage of the diagnostic complexes, in which only the intrinsic thermal emission of particles is utilized to 
measure their parameters, is their reliability and simplicity, since they have the only optical path for simultaneous 
measurement of all parameters. The advantage of the diagnostic complexes with lasers is the ability to extend the 
range of measured parameters toward lower temperatures and smaller particles size, as well as from the viewpoint of 
definition of “cold” particles per cent in the common gas-dispersion flow. 
In [4], it is proposed to utilize CCD-sensors to study the processes accompanying the laser additive technologies, 
in addition to the standard post-mortem analysis of the sample; it offers an advantage when monitoring the coating 
quality during the whole production cycle. Since then, the CCD-sensors are widely used, for example, for the 
analysis of particle concentration distribution in a flow [5 – 11].  
High-speed shooting with Schlieren method was tested in [10] to measure the particles velocity in the dusted jet 
core. There are other techniques of velocity measurement, such as the Fourier transform method, and three color 
method. The velocity influence on the particle residence time in the laser beam was noted. In further works [5, 6, 7, 
10], the particles velocities were also measured by their tracks at the laser cladding and solid forming. 
Application of the PIV method [8] for the velocity measurements at the laser cladding solved two problems 
simultaneously: two-phase flow characteristics [11], and measurement of the velocity field of the disperse phase. In 
[11], the reconstruction of digital holograms in different depths was used to measure the 3D field of three velocity 
components.  
It should be noted that the particles velocity in [5 – 8, 10, 11] was registered without laser radiation, thus the 
measured values did not exceed the gas velocity value; the laser influence was beyond the study in this case. 
It is stressed in [10], that not only the particles velocity, but also their temperature dramatically affect the coating 
quality. The measurement of the in-flight particle temperature is however a complex challenge. 
2. Description of the optical schematic of the diagnostic complex 
The CO2-laser with the power up to 3 kW and wave length of 10.6 Pm was used as a radiation source interacting 
with the powder jet [12]. The optical schematic of the diagnostic complex is presented in Fig. 1. The generated laser 
beam with the diameter of 20 mm was focused by a ZnSe lens with the focal distance of 250 mm, through a turning 
mirror. 
To measure the particles velocity the L2F was used (Fig. 1) [13]. The single-frequency single-mode laser diode 
LD is utilized as a radiation source; it emits the linearly-polarized radiation with the wave length O = 532 nm, its 
power is up to 150 mW. To form laser waists, a couple of a quarter-wave plate Q and Wollastone PR prism was 
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used; the first member transforms the initial linearly-polarized radiation into the radiation with the circular 
polarization, whereas the prism performs the angular separation by orthogonal linear polarizations. 
 
 
Fig. 1. Optical schematic of the diagnostic complex. 
The prism PR is located in the back focal plane of the lens FL; in its front plane, the laser beams are focused in 
two focal spots. Then these waists are transmitted with the aid of a collimator objective O2 and focusing objective 
O3 into the measurement volume. The distance between the waists of the two-focal anemometer is L = 1 mm, the 
focal spot diameter is d = 100 Pm, the length of the permanent-section waist is ~ 1 mm; the power is a20 mW in 
each waist. 
This schematic enables to accept the radiation scattered on the particle in the reverse direction at the angle of ~ 
1500 to the optical axis of the spectrometer. The vertical double slit diaphragm SD (Fig. 1) is utilized as an entrance 
slit. The image of a first 105 Pm slit in the measurement volume is superposed with the first waist of the L2F. The 
second 810 Pm slit image is superposed with the second waist. The only optical element of the spectrometer is a 
holographic diffraction grating which performs the following functions: spectral decomposition of the radiation, slit 
image focusing, astigmatism and coma control, and forming of a flat field of spectral focusing [14]. It is reached 
owing to the variable pitch and curvilinear grating. In the spectrum plane, the laser waists image in L2F are 
separated with the aid of the prisms for individual detectors of the scattered laser radiation (PEM) in order to 
identify particles flying throw the first and second laser waists. 
The signals formed by particle flying throw first focus start up the whole system (channel 3). The image of a 
glowing particle in the same measurement volume is projected with the objective O1 on the spectrometer entrance 
slit (Fig. 1). In order to select spectral domains in the particle radiation spectrum, two spectral ranges with the wave 
lengths in the band paths centers O1 = 616 nm and O2 = 740 nm and bandwidth ~ 40 nm and ~ 80 nm, respectively, 
are cut out by the slit diaphragms in the spectral plane, to determine the particle temperature by the pyrometry 
method. The optical signals come into photo-receiving units which contain primary transformers PEM. The velocity 
is found after the particle crosses the second focus of the anemometer. The method features high light efficiency and 
high spatial resolution. 
Fig. 1 presents the measurement volume formed by two laser waists in the L2F superposed on the inverse image 
of the two-slit receiving diaphragm SD. The registered analog signal from the hot particle passing through the 
device’s range of vision is isolated as a trapezoidal impulse (Fig. 2) by diaphragm SD, and its parameters can be 
used to measure the particle velocity, temperature and size.  
The particles velocity was measured also by the scattered light. As the particle penetrated into the first focus 
(channel 3), the signal of laser-radiation scattering by the particle in the first waist is registered; the signal serves for 
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the initiation of the multi- channel ADC and signal registration: second-waist scattering (channel 4) and intrinsic 
particle glow (channels 1 and 2). The channel 4 can be used also for the registration of the intrinsic particle glow at 
the wave length Ȝ4 = 532 nm [13]. The three-color pyrometry method described in [15] is applied for the 
temperature measurement. 
 
 
Fig. 2. Typical view of the pyrometric signal registered in a spectral range: (ɚ) analog signal from a hot particle [16]; (b) trapezoidal schematic of 
the signal. 
3. Measurement of particle velocity and temperature at the coaxial laser-powder cladding 
To study the processes of the laser radiation action on powder particles in a gas-disperse flow, the following 
experimental set up was chosen. The powder particles were fed into the laser beam by (with) a transport gas through 
a coaxial conic nozzle, Fig. 3.  
 
 
Fig. 3. Photos of the coaxial nozzle and its two working modes: (a) outlook; (b) the powder jet flowing without radiation of the CO2-laser; (c) the 
heated powder jet in the light field of the continuous radiation of the CO2-laser (the green transversal double beam from the diode laser is evident; 
its target is to register the particle velocity by the time-of-flight method). 
The powders of aluminum (Al), aluminum oxide (Al2O3), molybdenum (Mo), and nickel (Ni) were used in the 
experiments. Preliminary analysis of the powder morphology was performed in an electronic microscope of Zeiss, 
Germany. Table 1 presents the particles micro-photos and the disperse fraction which was detected with a laser 
diffraction particle size analyzer, LS 1332. Table 2 shows the thermo-physical properties of the particles material 
and flow-rates of working gases, namely: air for aluminum oxide Al2O3, nitrogen and argon for Al, Mo, and Ni 
powders. The measurements were carried out in two modes: I – the cold-blow mode, with the laser off; II – the 
mode of permanently acting radiation of the ɋɈ2-laser.  
The velocity was measured by the time-of-flight method by the scattered light (channels 3, 4), Fig. 1. In the mode 
II, the laser beam passed through the nozzle axis. The gas was supplied coaxially with the laser beam in order to 
protect the focusing lens. The temperature of the powder particles heated in the light field of the beam was measured 
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by the three-color pyrometry method. The particles velocity and temperature were averaged by the measurement 
volume (Fig. 1), its height in cylindrical coordinates was 1.0 mm, diameter – 1.0 mm. 
Table 1. Types of powders and their morphology. 
Powder Photo of morphology Volume function distribution by the sizes 
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To analyze the dynamics of particles acceleration, the measurements were carried out on the nozzle central axis 
which coincided with the laser beam axis Oz oriented by the flow, from up to down, in three points at the distances 
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from the nozzle exit plane of z = 10 , 30,  and 50 mm, Fig. 1. The laser beam diameter Db in these points equaled to 
3.1, 4.5, and 7 mm, respectively. 
Table 2. Thermo-physical properties of the particles material and flow rates of the utilized working gases. 
Material / substance Al Al2O3 Ni Mo Air N2 Ar 
Density, ȡ, kg/m3 2700 3970 8900 10220 1.20 1.25 1.78 
Melting point / boiling point, K 930/2790 2320/3250 1720/3000 2850/4880 í í í 
Average particle diameter dp, P 50 34 100 45 í í í 
Carrier gas flow rate Gc, g/s í í í í 0.15 0.15 0.13 
Transport gas flow rate Gt, g/s í í í í 0.33 0.33 0.3 
Powder feed rate Gp, g/min. 6.6 1.5 – 4.5 50 35 í í í 
4. Measurement of particles velocity and temperature at the coaxial laser-powder cladding 
The coaxial nozzle utilized in the experiments, Fig. 1, was manufactured in Physics of Plasma-arc & Laser 
Processes Lab ITAM SB RAS, and is a component of the technological set up for plasma spraying [16]. Its outlook 
and internal structure differ somehow from standard coaxial nozzles for the laser cladding [1]. According to 
estimations, the gases flow-rates organized in the tests (see Table 2) and channels geometry provided the average 
velocity of the carrier gas in the annular slit for powder feeding at the level of 16 – 27 m/s, whereas the average gas 
velocity in the outlet section of the coaxial nozzle was no more than 5 – 8 m/s. 
4.1. Particle velocity measurement. 
In the presence of the laser radiation (mode II, Table 3), additive powder particles acceleration is observed; it 
takes place in the laser light field. The modes I and II characterize the coaxial nozzle performance with and without 
continuous radiation of the ɋɈ2-laser, respectively. The possibility of rapid acceleration of small particles of various 
materials in the laser-beam light field up to high velocities was reported repeatedly in some papers [17, 18]. In [19], 
the mathematical model of the laser-induced particles acceleration is proposed for the laser cladding conditions. 
According to [19], the particle acceleration in the laser light field may be provided by the light-reactive force which 
occurs due to the recoil pressure of vapors from the beamed particles surface. The range of average particle velocity 
variation depends on the powder material density, disperse fraction, properties of the carrier gas involved, and does 
not exceed 13 m/s (in the case of aluminum oxide particles), Table 3. At the same time, large and heavier nickel 
particles have the low average velocity without radiation, 2.4 – 5.1 m/s. 
Table 3. Average particles velocity Vp (m/s) on the nozzle axis, z = 10 mm, without (mode I) and with radiation (mode II).
Powder type + working gas Al2O3+Air Mo+N2 Ni+Ar Ni+N2 Al+N2 
Mode I, (without CO2-laser) 13 6.7 2.4 5.1 9.9 
Mode II, (P, kW) 24 (1.7) 14.9 (2.1) 7.8 (1.8), 8.3 (2.0) 6.8 (2.0) 13.5 (1.8) 
 
In detail the measurement results are presented in Table 4 as bar charts of the distribution of number 
concentration N/N0 versus the particles velocity Vp, where N is the quantity of the particles from the corresponding 
bin; N0 is the general quantity of the registered particles. For comparison, each bar chart contains two distributions 
N/N0 (modes I and II) in two points on the nozzle axis, z = 10 and 30 mm. Note that the thermo-physical and optical 
properties, as well as the disperse fraction, differ essentially for the aluminum (Al), aluminum oxide (Al2O3), 
molybdenum (Mo), and nickel (Ni) powders, see Tables 1, 2. Particles velocity acceleration as the laser is off (mode 
I) is caused by the carrier gas and gravity. The laser action results in the spreading function of the particles velocity 
distribution N(Vp) for all types of studied powders, and even in the second local maximum in the distribution. 
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Table 4. Bar charts of statistical particles velocity distribution on the nozzle axis in the points z = 10 and 30 
mm, at the continuous radiation of the CO2-laser. 
z = 10 mm z = 30 mm 
 
 
0 16 32 48 64 80
Vp, m/s
0
0.1
0.2
0.3
0.4
0.5
N
/N
0
Al(N2)             
mode I
mode II
0 16 32 48 64
Vp, m/s
0
0.1
0.2
0.3
0.4
N
/N
0
Al(N2)             
mode  I
mode  II
0 16 32 48
Vp, m/s
0
0.1
0.2
0.3
0.4
N
/N
0
Al2O3(air)              
mode I
mode II
0 16 32 48 64 80 96
Vp, m/s
0
0.2
0.4
0.6
0.8
N
/N
0
Al2O3(air)               
mode I
mode II
0 16 32 48 64
Vp, m/s
0
0.1
0.2
0.3
0.4
0.5
N
/N
0
Mo(N2)                
mode I
mode II
0 8 16 24
Vp, m/s
0
0.1
0.2
0.3
N
/N
0
Mo(N2)              
mode I
mode II
0 8 16 24 32 40 48
Vp, m/s
0
0.2
0.4
0.6
0.8
N
/N
0 Ni(Ar)                 
mode I
mode II
0 2 4 6 8 10 12 14 16 18 20
Vp, m/s
0
0.2
0.4
0.6
0.8
N
/N
0 Ni(Ar)              
mode I
mode II
200   D.V. Sergachev et al. /  Physics Procedia  56 ( 2014 )  193 – 203 
4.2. Particles temperature measurement. 
Fig. 4, 5 show the varying particles temperatures. The particles which radiation was insufficient to register their 
temperature were set in the bar chart bin (cell) displaying the temperature of 1,400 – 1,600 Ʉ. It might result from 
the particle low temperature or small size. Taking into account the size distribution of the Ni and Al2O3 particles 
(Table 1), where the percentage of the particles above 20 Pm is more than 90%, it is fair to assume that the low 
intensity of the intrinsic particle radiation is associated with their low temperature. Let us denote such particles “the 
cold ones”. 
The laser heating of the particles may cause intensive material evaporation [17, 18]. The vapors of the particle 
material near its surface may lead to extra error in the particle temperature measurement and lead to its value exceed  
substance boiling point and above. The particles with the temperature beyond the measurement limits were set into 
the bar-chart bin with the temperature of 3,800 – 4,000 Ʉ.  
 
 
Fig. 4. Bar chart of the statistical temperature distributions of Al2O3  particles. 
At the distance of z = 10 mm for Al2O3 particles (Fig. 4) and Ni particles (Fig. 5), the temperature distributions 
differ from normal ones, as they have several local explicit maximums. In the case of Al2O3, there are two local 
maximums near the melting point (2,320 Ʉ) and boiling point (3,250 Ʉ). As is shown in the Table 1, the Al2O3 
particles have the sharp edges. Due to the intensive laser heating, at the rather low thermal conductivity, owing to 
the high local temperature gradients, the edges and various defects on the particle surface, as well as its overheated 
sections, may be registered by the system as individual particles of small size and high temperature. This fact 
explains the rather high bar (about 20%) in the bin with the temperature of 3,800 – 4,000 Ʉ, Fig. 4 at z = 10 mm. 
At the distance of z = 30 mm for the Al2O3 particles, there is only one local maximum in the bar-chart bins of 
2,400 – 2,600 Ʉ, whereas at the distance of z = 50 mm there are two maximums: in the bins of 2,200 – 2,400 K and 
near the boiling points (3,250 Ʉ).   
Fig. 5 presents the bar chart of the statistical distribution for nickel particles. Here, the “cold” Ni particles 
concentration reaches 46 – 78% (Fig. 5), which is higher than in the experiments with Al2O3, in which the “cold” 
particles percent was 22 – 38% (Fig. 4). At z = 30, 50 mm, the Ni particles distribution has one maximum in the bin 
of 2,000 – 2,200 K.  
The minimal values of the really measured temperatures of the nickel particles are in the bin with the temperature 
of 1,800 – 2,000 K, and also near the melting point (1,720 Ʉ). The particles with the temperature above the Ni 
boiling point (3,000 Ʉ) were registered, too; it was caused by the intensive material evaporation from the particles 
surface.  
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Fig. 5. Bar charts of statistical temperature distributions for Ni particles. 
As is shown by the investigation, Fig. 6, the particle feed rate condition influences both the particles acceleration 
and heating. As the mass particle feed rate of the Al2O3 powder is 1,5 g/min, as compared to the particle feed rate of 
4,5 g/min, the particles have higher velocity, and the velocity of some particles reaches 100 m/s. The particles with 
the temperature above the Al2O3 boiling point were also registered, which vindicates the intensive material 
evaporation from the particles surface. 
 
 
Fig. 6. Feed condition influence on the Al2O3 particles parameters: Gp – powder feed rate, z = 30 mm. 
 
As the powder flow rate is 4,5 g/min, the acceleration was minimal, the maximal values did not exceed 32 m/s, 
which results from the weakening intensity of the laser beam in the dusted flow. It should be noted that at the 
powder flow rate of 4,5 g/min, the registered quantity of particles with the temperature above the boiling point was 
much lower than it was at 1,5 g/min. The maximums of the temperature distributions of the particles practically 
coincide (Fig. 6) and lie in the range of 2,400 – 2,600 K. 
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5. Discussion and conclusions 
The challenge of particles velocity and temperature measurement is solved with known methods of registration 
based on the spectrometry and a complex of laser and optical means. The diagnostic technique combines two 
independent methods of particles velocity measurement: the passive one based on the intrinsic radiation of the 
heated particles in a gas flow, and the active one which utilizes the effect of the laser beam scattering. Different 
types of powders (Al2O3, Mo, Ni, Al) were used in tests. The particle size distributions were typical for the laser 
cladding; the working gases were air, nitrogen, argon, the continuous radiation of the ɋɈ2-laser with power up to 3 
kW. The three-color pyrometry method was utilized to measure the particles temperature in the powder flow. 
The velocity of Al2O3, Mo, Ni, Al particles was measured under the conditions of the technological process of the 
coaxial laser cladding. It was demonstrated that the action of the laser radiation results in the increased value of the 
average velocity for each material. In some tests, the velocity values of some individual particles were essentially 
higher than the maximum velocity of the carrier gas in the annular slit (40 m/s). Aerodynamic forces in the carrier 
gas flow could not provide such particles acceleration, the free-drop gravity can not accelerate the particles for more 
than 1 m/s at the distances about 50 mm. Taking into account that the particles velocity does not exceed the gas 
velocity as the ɋɈ2-laser radiation is off, it is fair to presume that only the laser radiation causes such intensive 
particles acceleration. 
The gas type and laser power also effect somehow on the particles acceleration, see Table 4. 
The temperature of the Al2O3, Ni particles was measured in the light field of the ɋɈ2-laser. The measurements at 
the distance z = 10 mm gave several local maximums of the particles temperature distributions near the melting and 
boiling points of  Ni and Al2O3 powders. At the distance z = 10 mm, the highest density of the laser radiation 
intensity was reached, which results in more intensive heating of various particles surface defects, and locally 
radiating centers occurred; such radiation centers were treated by the measure system as individual particles. The 
overheated radiation centers might also become the centers of intensive evaporation and boiling of the particles. As 
the powder feed rate was low (1,5 g/min), the particles with the extremely high velocity and temperature above the 
boiling point were observed; but it was not noticed as the powder feed rate was higher (4,5 g/min). It also proves 
that at the low feed rates of the powder, the intensity of material evaporation from the particle surface is higher. The 
observed effect of particles acceleration depends on the particles concentration in the flow. 
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